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a b s t r a c t
Dynamic changes in DNA methylation are observed during embryo development. Recent studies
show that the TET family is involved in these changes by converting 5-methylcytosine (5mec) to
5-hydroxymethylcytosine (5hmec). Speciﬁcally, TET3 is responsible for the conversion in the early stages,
and then TET1 is a key regulator at later stages of embryo development. From previous mouse reports
and our preliminary data in porcine embryos, we hypothesized that TET1 becomes the main regulator at
the time of the maternal to zygotic transition (MZT). Transcript abundance of TET3 was high only at the
zygote and 2-cell stage. The abundance of TET1 mRNA was high in the blastocysts and TET1 protein was
present at the 4-cell stage and the blastocysts. The dynamic was similar in porcine somatic cell nuclear
transfer (SCNT) embryos however; abnormally upregulated TET3 was detected at the 4-cell stage. When
transcription or translation was blocked at the 2-cell stage, TET3 mRNA remained high at the 4-cell stage
suggesting that degradation of TET3 is related to the MZT. Downregulation of TET3 before fertilization
resulted in the reduction of 5hmec in zygotes indicating that TET3 is a key molecule for 5hmec synthesis.
This misregulation of 5hmec in zygotes also affected the level of NANOG expression in the blastocysts. We
show here that the porcine TET family shows dynamic expression patterns during embryogenesis, and is
responsible for the appearance of 5hmec in the zygotes by TET3. This appearance of 5hmec in zygote is
important for the expression of NANOG in the blastocysts.
Published by Elsevier Inc.
Introduction
DNA methylation is thought to be one of the key regulators
of gene expression in mammals. In general DNA methylation is
considered to be a stable mechanism; however, global changes in
methylation can be seen during preimplantation embryo devel-
opment. In pigs the ﬁrst dramatic changes in DNA methylation
can be seen immediately after fertilization (Kang et al., 2001). After
fertilization paternal DNA undergoes a rapid change in the
methylation and the level of maternal DNA methylation is gradu-
ally reduced due to dilution as newly synthesized DNA lacks
methylation (Oswald et al., 2000). Another dynamic change in
DNA methylation can be seen by the time of blastocyst formation
where the level of methylation rises again in a lineage speciﬁc
manner; inner cell mass (ICM) cells show a higher level of
methylation compared to trophectoderm (TE) cells (Santos et al.,
2002). Although the dynamics of DNA methylation during embry-
ogenesis is well characterized, the mechanism underlying these
changes is still unknown. The conventional idea is that DNA
methylation is controlled by the expression or activity of DNA
methyltransferases 1 (DNMT1) which convert unmethylated cyto-
sine into 5-methylcytosine (5mec) (Bestor et al., 1988). Then de
novo DNA methylation during embryo development is controlled
by the expression of DNA methyltransferase 3A (DNMT3A) and 3B
(DNMT3B) (Okano et al., 1998). This could provide an explanation
for the DNA methylation that occurs at the blastocysts stage;
however it fails to provide a model for DNA demethylation after
fertilization. The mechanism of DNA demethylation during embryo
development remained elusive until now.
Recent studies provide a new insight on how DNA methylation
is regulated during embryo development. It has been reported that
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after fertilization DNA demethylation is initiated by oxidation of
5mec to 5-hydroxymethylcytosine (5hmec) by enzymes of the ten-
eleven translocation (TET 1-3) family (Tahiliani et al., 2009).
Speciﬁcally TET3 is reported to be responsible for modifying
5mec into 5hmec by hydroxylating the paternal genome (Iqbal
et al., 2011). Conditional knock-out of TET3 in early stage embryos
results in the impairment of 5hmec conversion and lack of
demethylation. This also causes an abnormal expressions of Oct4
and Nanog due to improper demethylation on the promoter
regions of the genes (Gu et al., 2011). This conversion from 5mec
to 5hmec is mostly, if not strictly, observed at the zygote stage
(Inoue and Zhang, 2011). Afterwards, the level of 5hmec increases
again at the time of the blastocyst stage, especially in the ICM, and
TET1 is suggested to be a key regulator at this stage. TET1 is
important for ICM speciﬁcation by regulating the apparent level of
methylation on speciﬁc promoter regions in blastocysts (Ito et al.,
2010). TET1 is also reported to be important for maintaining
pluripotency in mouse embryonic stem (ES) cells as a down-
regulation of the TET family results in abnormal expression of
pluripotency related genes (Ficz et al., 2011); although there are
other reports suggesting that TET1 is not required for the plur-
ipotency of ES cells but induce ES cells into extraembryonic lineage
cells upon differentiation (Dawlaty et al., 2011; Koh et al., 2011).
The role of TET2 during embryo development is still unclear but
TET2 is known to be related to cancer development (Abdel-Wahab
et al., 2009; Delhommeau et al., 2009) and involved in regulating
homeostatis of hematopoietic stem cells (Ko et al., 2011; Li et al.,
2011).
All three TET family enzymes contain a catalytic C-terminal
Cys-rich and double-stranded beta helix region (CD) domains that
show dioxygenase activity (Tan and Shi, 2012). This domain is
known to exhibit a typical Fe (II) and 2-oxoglutarate (2OG)-
dependent dioxygenase activity. Another important domain of
the TET family is the CXXC domain. Both TET1 and TET3 contain
the CXXC domain which is a potential DNA binding domain
(Tahiliani et al., 2009). The detailed function of this domain
is still unknown, however; the DNA binding domain suggests that
TET1 or TET3 can have an effect on gene expression by direct
binding to the genome. In addition, TET1 is known to be bound to
various transcription start sites in mouse ES cells (Wu et al., 2011;
Xu et al., 2011). As mentioned above, the TET family shows
dynamic expression during embryo development. In mouse,
expression of TET3 was high in zygotes and the level was
decreased at later stages (Iqbal et al., 2011; Wossidlo et al., 2011)
and high expression of TET1 can be seen in the blastocysts (Ito
et al., 2010).
Expression patterns of the TET family during embryo develop-
ment are partially known in mouse; however more detailed
timing for the transition from TET3 to TET1 is not known.
In addition, there are reports of the level of 5hmec during
preimplantation embryo development, though they are conﬁned
to mouse embryos. However, changes during embryo develop-
ment vary among species. Thus it is important to investigate these
dynamics in other species to expand our understanding on TET
family and 5hmec in preimplantation embryos. We have used
porcine oocytes and embryos as models because they show
demethylation after fertilization and similar changes in methyla-
tion status during embryo development as in human embryos
(Deshmukh et al., 2011; Santos et al., 2010).
During our preliminary study, we realized that the maternal to
zygotic transition (MZT) was an important period for the dynamics
of the TET family. In mouse, at the time of MZT, a large portion of
maternal mRNA is degraded and new mRNA is synthesized due to
the zygotic genome activation (ZGA) (Hamatani et al., 2004). This
MZT in porcine embryos is during the 4-cell stage (Prather, 1993),
which is similar to humans (Braude et al., 1988). Based on the
preliminary data, the detailed role of the MZT on the dynamics of
the TET family was investigated.
In this study, we have examined the dynamics of the TET family
and 5hmec in porcine preimplantation embryos from various
origins and the relationship between the TET family and the level
of 5hmec. Based on the results we further investigated expression
of pluripotency related genes when 5hmec is misregulated by
downregulation of TET3 in the zygotes.
Materials and methods
Chemicals
All chemicals in the experiments were purchased from Sigma-
Aldrich Chemical Company (St. Louis, MO) unless indicated otherwise.
Cloning of porcine TET
To clone coding sequences of the porcine TET family, primers
were designed from porcine ESTs matching consensus sequences
of predicted sequences of porcine and human TET. Primer infor-
mation is shown in Table S1. The entire coding sequence of porcine
TET2 and TET3 was ampliﬁed from porcine reference cDNA
synthesized from oocytes and blastocysts. TET1 was ampliﬁed in
two pieces because of the difﬁculty of amplifying as one amplicon
due to the large size. Phusion High-Fidelity DNA Polymerase
(Thermo scientiﬁc) was used for the PCR. The conditions for the
PCR were 98 1C for 1 min, followed by 94 1C for 20 s, 60 1C for 40 s,
and 68 1C for 2–4 min for 32 cycles. Potential porcine TET PCR
products were cloned into TOPO vector (Invitrogen Corporation;
Carlsbad, CA, U.S.A.) and fully sequenced.
Quantitative real-time PCR
To investigate the abundance of mRNA in porcine oocytes and
preimplantation embryos, 10–20 oocytes/embryos were collected
for each stage. Messenger RNAwas then extracted from the samples
by using the Dynabeads mRNA direct kit (Invitrogen) according to
the manufacturer's protocol. After mRNA isolation, the reverse
transcriptase reaction was conducted using SuperScript™ III First-
Strand Synthesis System (Invitrogen). The synthesized cDNA was
used for quantitative real-time PCR. YWHAG or GAPDH was used as
internal controls, and the primer sequences are shown in Table S2.
The PCR was then conducted using IQ SYBR Green Supermix
(Bio-Rad Laboratories; Hercules, CA). Primer validation tests were
run for each designed primer to verify that the ampliﬁcation
efﬁciencies were similar for each amplicon. The program used for
the PCR included an initial temperature of 94 1C for 2 min followed
by 40 cycles of 5 s at 94 1C, 30 s at 60 1C, and 30 s at 72 1C. Real time
ﬂuorescence data was collected during the extension time. The
relative quantiﬁcation method based on comparative threshold
cycles (Ct) values was used to identify the abundance of message.
The transcript abundance of each gene was then calculated relative
to that of the internal control gene, YWHAG or GAPDH. ΔCt was
calculated by subtracting Ct values of each gene from that of the
GAPDH. Control group Ct values served as calibrators and were used
subsequently to obtain ΔΔCt values. Fold differences in transcript
abundance were obtained by using the equation 2ΔΔCT. Three
biological and two experimental replications were used for each
assay. The quantitative real-time PCR results were compared by
general linear model (PROC GLM) of Statistical Analysis System
(SAS Institute; Cary, NC). Differences with po0.05 were considered
signiﬁcantly different.
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Immunocytochemistry (ICC)
Zona-free oocytes/embryos were brieﬂy washed in PBS and
ﬁxed in 3.7% paraformaldehyde for 15 min at room temperature.
After ﬁxation, the oocytes were washed and permeabilized in PBS
containing 0.1% Triton X-100 for 3 h. The samples were then
treated with 2N HCl for 30 min and neutralized in Tris–HCl pH
8.5 for 10 min. Non-speciﬁc binding sites were blocked by incuba-
tion for 1 h at room temperature in PBS containing 0.01% Tween-
20 and 2% bovine serum albumin (BSA); this was followed by an
incubation in blocking solution together with primary antibody
raised against 5hmec (dilution 1:100; Active Motif #39769) or
TET1 (dilution 1:100; Santa Cruz Biotechnology #163443) over-
night at 4 1C. The next day, the oocytes were washed in blocking
solution and stained with FITC-conjugated secondary antibodies
which can recognize primary antibodies for 5hmec (dilution
1:2000; Santa Cruz Biotechnology #2359) and TET1 (dilution
1:1000; Invitrogen #A11055) staining for 1 h at room temperature.
DNA was stained with 10 mg/ml propidium iodide (PI). Samples
undergoing the same procedure but not treated with the primary
antibody were used as negative controls. The images were taken
by laser-scanning confocal microscopy.
In vivo (IVV) and in vitro fertilization (IVF) embryo collection
To collect in vivo derived embryos, gilts were artiﬁcially
inseminated on the ﬁrst day of detected estrus (day 0). On day 6,
oviducts and the tip of the uterine horns were ﬂushed to obtain
in vivo derived blastocysts. For IVF, in vitro matured oocytes were
placed in 50 ml droplets of IVF medium (modiﬁed Tris-buffered
medium with 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl2, 11 mM
glucose, 20 mM Tris, 2 mM caffeine, 5 mM sodium pyruvate, and
2 mg/ml BSA) in groups of 25-30 oocytes. One 100 ml frozen semen
pellet was thawed in 3 ml of DPBS supplemented with 0.1% BSA.
Semen was washed in 60% percoll for 20 min at 650 g and in
MTBM for 10 min by centrifugation. The semen pellet was then
re-suspended with IVF medium to 0.5106 cells/ml. Fifty micro-
liter of the semen suspension was introduced into the droplets
with oocytes. The gametes were co-incubated for 5 h at 38.5 1C in
an atmosphere of 5% CO2 in air. After, fertilization, the embryos
were then incubated in PZM3 (Yoshioka et al., 2002) at 38.5 1C, 5%
CO2 in air atmosphere.
Somatic cell nuclear transfer (SCNT)
After 40–42 h of in vitro maturation, cumulus cells were
removed from the oocytes by vortexing for 3 min in the presence
of 0.1% hyaluronidase. Oocytes were manipulated in the manip-
ulation medium supplemented with 7.0 mg/ml cytochalasin B.
The polar body along with a portion of the adjacent cytoplasm
was removed, and a donor cell was placed in the perivitelline
space (Lai and Prather, 2003). The reconstructed embryos were
then fused in a fusion medium (0.3 M mannitol, 0.1 mM CaCl2,
0.1 mM MgCl2, and 0.5 mM Hepes) by two DC pulses (1-s interval)
at 1.2 kV/cm for 30 ms (using BTX Electro Cell Manipulator, Harvard
Apparatus, Holliston, MA). After fusion, fused embryos were fully
activated with 200 mM thimerosal for 10 min in the dark and 8 mM
dithiothreitol for 30 min (Machaty et al., 1997). Embryos were then
incubated in PZM3 (Yoshioka et al., 2002) with 0.5 mM scriptaid, a
histone deacetylase inhibitor, for 14–16 h.
Inhibition of transcription and translation at the time of MZT
To block transcription or translation in cleaved embryos, the
embryos were incubated in the presence of 20 mg/ml α-amanitin
or 10 mg/ml cycloheximide (CHX), respectively, for 20 h. After the
treatment, the embryos were collected for further assays.
Microinjection
For TET3 downregulation, siRNA against porcine TET3was injected
into the cytoplasm of immature oocytes using a FemtoJet micro-
injector (Eppendorf; Hamburg, Germany). siRNA was designed to
target porcine TET3 at 1694–1712 bp (CUGCUGAUGACAAGCUGGA).
Non-injected and scrambled siRNA injected oocytes were used as a
control (Sigma #EHURLUC). The siRNA was delivered into porcine
oocyte at 30 h after the beginning of maturation. Microinjection was
performed in TL-Hepes buffered media (Hagen et al., 1991) on the
heated stage of a Nikon inverted microscope (Nikon Corporation;
Tokyo, Japan). Injected oocytes were then transferred into the
maturation medium and continuously matured until 44 h. Matured
oocytes were then used for IVF.
Results
Cloning of porcine TET family
Coding sequences of porcine TET family were successfully
cloned from early staged embryos. All the PCR amplicons showed
the predicted sizes. Full CDSs of TET family were sequenced
and deposited to GenBank (KC137683, KC137684, and KC137685).
The porcine TET family was similar to other species. Porcine
TET2 was similar to the transcript variant 2 of human TET2
(NM_017628). When amino acid sequences of porcine TET (1-3)
were compared to the human and mouse TET family, porcine TETs
were more similar to human than compared to mouse (Table 1).
Both porcine TET1 and TET3 have a CXXC domain as reported in
mouse and human.
Expression proﬁle of porcine TET family in early embryos
No difference was found in the transcript abundance of the TET
family members between the GV and MII stage oocytes (Fig. 1A).
When the abundance of transcripts are normalized to the GV
stage, higher expression of TET3 was observed in zygote and 2-cell
stage IVF embryos but the level was decreased at the 4-cell stage
IVF embryos. Also, a dramatic increase in TET1 was identiﬁed in
the morula stage embryos and it remained high at the blastocyst
stages; TET1 had a dramatic increase of 65.7-fold at the blastocyst
stage when compared to the GV stage and the level was higher
than all other stages examined. A similar proﬁle was detected in
porcine SCNT embryos (Fig. 1B). High levels of TET3 at the zygote
and 2-cell stage and elevated TET1 in the blastocysts were
observed. Abundance of all the TET family was low in the donor
cells compared to any embryonic stage examined. Dynamic
patterns of TET family in preimplantation SCNT embryos were
similar to IVF embryos, however, the level of TET3 in 4-cell
embryos was signiﬁcantly higher in SCNT embryos compared to
Table 1
Cloning of the porcine TET family. CDSs of all three porcine TET family members
were cloned and sequenced. Sequencing results show that predicted amino acid
sequences of porcine TET family based on retrieved CDS are close to human and
mouse sequence.
Length of CDS
(AA)
Identity against human
(%)
Identity against mouse
(%)
TET1 2150 76 53
TET2 1175 80 56
TET3 1661 90 86
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IVF embryos; 4.6 fold difference between IVF and SCNT (Fig. S1).
When the transcript levels of TET1 in the blastocysts derived from
in vivo and in vitro were compared, in vivo derived blastocysts had
a tendency of higher TET1 expression compared to in vitro (p¼0.10,
Fig. S2A).
Presence of 5hmec and TET1 in early embryos
The presence of 5hmec and TET1 in early embryos was
demonstrated by ICC. 5hmec was detected in all stages examined
in oocytes and IVF-derived embryos but the level was lower in GV
and MII oocytes (Fig. 2A). The level of 5hmec in the pronucleus of
androgenetic zygotes was higher than that of parthenogenetic
zygotes (Fig. S3). When the appearance of 5hmec in IVF-derived
zygotes was closely analyzed, the presence of 5hmec was seen in
the early zygotes but the signal was much stronger in the late
zygotes. In addition, an asymmetric level of 5hmec was observed
in paternal and maternal pronuclei; i.e. the paternal pronucleus
possessed a high level of 5hmec compared to the maternal
pronucleus (Fig. 2B). The TET1 protein was undetectable in oocytes
and detected at the 4-cell stage although the signal was weak.
TET1 was strongly detected in the porcine blastocysts (Fig. 3).
Interestingly, the level of TET1 was higher in the ICM cells
compared to TE cells at the blastocyst stage (Fig. S4).
The degradation of TET3 is related to genome activation
To investigate whether the lower abundance of TET3 at 4-cell stage
is related to zygotic genome activation, transcription or translation,
cleaved embryos were inhibited with either α-amanitin or cyclohex-
imide (CHX). When transcription or translation was blocked at the
2-cell stage for 20 h, the transcript level of TET3 remained high.
Inhibition of transcription resulted in 2.7 fold increase of TET3 and
the block of translation showed a 3.8 fold increase in TET3 compared
to the control group (Fig. 4).
Involvement of TET3 in the formation of 5hmec
To address the involvement of TET3 in the formation of 5hmec,
siRNA designed against porcine TET3 was introduced into oocytes
after 30 h post-maturation. Injection of the TET3 siRNA success-
fully reduced the level of TET3 in zygotes; introduction of siRNA
resulted in a 6 fold reduction in the level of TET3 transcript (Fig.
S5). Also, siRNA against TET3 could reduce the expression of GFP
tagged TET3 protein in zygotes when introduced simultaneously
(Fig. S6). When the level of TET3 was reduced, the level of 5hmec
in zygotes was diminished but there was no change in the
intensity of 5hmec with the introduction of control siRNA
(Fig. 5). Knockdown of TET3 at the time of the zygote stage did
not interfere with preimplantation embryo development. No
difference in the frequency of pronuclei formation was observed
(Table S4). Furthermore, there was no change in the frequency of
blastocysts and total cell number in the blastocysts (Table 2).
Effect of TET3 downregulation on the expression of pluripotency
related genes in the blastocysts
After disrupting the appearance of 5hmec in zygotes by down-
regulating TET3, expression of pluripotency related genes at the
blastocyst stage was examined. There was a signiﬁcantly lower
expression of NANOG after TET3 knockdown at the zygote stage;
9.2 fold reduction in the abundance of mRNA. There was
no difference in the expressions of POU5F1 and SOX2 (Fig. 6).
There was no difference in the signal of 5hmec in blastocysts (data
not shown).
Discussion
Maintaining proper levels of DNA methylation during preim-
plantation embryo development is essential for the viability of
embryos (Barton et al., 2001). For example, deletion of DNMT
results in embryo lethality in the mouse (Li et al., 1992; Reik et al.,
2001). A dynamic change in DNA methylation is seen after
fertilization in various species including porcine (Fulka et al.,
2006; Kang et al., 2001) and recent studies in mouse show that
the TET family modulates these DNA methylation changes.
Cloning of porcine TET family indicates that they share a similar
structure compared to other species. As shown in Table 1, all three
TET family members are highly conserved compared to other
species. Porcine TET1 and TET3 have a CXXC domain as reported
in mouse and human (Tahiliani et al., 2009). The CXXC domain is a
DNA binding domain which is also identiﬁed in DNMT1 (Bestor,
1992). The presence of this potential DNA binding domain strongly
suggests that porcine TET1 and TET3 can directly interact with the
genome. They are also quite similar to the human TET family
which may explain why porcine and human embryos show similar
changes in DNA methylation during embryo development.
The TET family shows a dynamic expression proﬁle during
porcine preimplantation embryo development. This expression
proﬁle is similar to previous reports in other species. High
expression of TET3 in zygotes and 2-cell stage embryos is observed
and the level is decreased at 4-cell stage. Since porcine oocytes
and embryos are transcriptionally dormant until the 4-cell stage
thus this difference in abundance is probably due to changes in
cytoplasmic polyadenylation (reviewed by (Mendez and Richter,
2001)). The expression pattern of TET3 is different from mouse
Fig. 1. Relative abundance of TET1, TET2 and TET3 during embryo development
in vitro. Abundance of the porcine TET family is shown; YWHAG was used as a
normalizer. (A) Expression patterns of the TET family in oocytes and IVF embryos.
Expression of TET3 is high in zygotes and 2-cell stage embryos and then is lower at
and beyond the 4-cell stage. A dramatic increase in the abundance of TET1 occurs in
morula and blastocysts. (B) Similar to IVF embryos, TET3 is high in zygotes and
2-cell stage embryos while TET1 is high in the blastocysts. Expression level of all
TET family members in donor cells is lower than all embryonic stages examined.
Expression level of the TET family in each stage was compared to the level of TET
family at GV. n indicates signiﬁcant difference (po0.05).
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Fig. 2. Presence of 5hmec in porcine preimplantation embryos detected by ICC. (A) Presence of 5hmec was detected in all stages examined. However, the signal was weak in
GV and MII oocytes. In contrast higher signal of 5hmec was found in the zygotes. (B) Appearance of 5hmec in porcine zygotes. In early pronucleus (PN), 5hmec is only seen in
paternal PN (as indicated by the arrow). Then at the late PN stage, we could observe the presence of 5hmec in both maternal and paternal pronuclei; although the level of
5hmec was higher in the paternal derived pronucleus. Scare bar¼50 mm.
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report where TET3 is highly expressed in only zygotes and the level
is reduced at 2-cell stage (Iqbal et al., 2011). The interesting point
is that MZT in porcine is during the 4-cell stage (Prather, 1993). In
both species the level of TET3 is lower at the time of MZT.
High expression of TET1 in the blastocysts suggests that TET1 is
involved in regulating the types of methylation at the blastocyst
stage. This is consistent with mouse reports where TET1 is highly
expressed in mouse blastocysts (Ito et al., 2010). When the
presence and localization of TET1 was investigated using ICC, a
species-speciﬁcity was observed. In mouse TET1 was present
throughout development and the expression was more distinctive
in the ICM of blastocysts (Ito et al., 2010). However, we found the
expression of TET1 in the nuclei after 4-cell stage and the
expression was higher in the ICM but the signal was found in TE
Fig. 3. Presence of TET1 in porcine preimplantation embryos detected by ICC. Signal for TET1 was not detected until the 4-cell stage. The expression of TET1 was easily
detected in 4-cell stage embryos and blastocysts. The expression was high in blastocysts, especially in the ICM cells, indicated by the arrow. Scare bar¼50 mm.
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as well. Species-speciﬁcity of 5hmec or TET expression in among
different species has been reported (Almeida et al., 2012), but this
is an interesting observation yet not surprising because there is a
difference in the expression of a key pluripotency genes between
mouse and porcine. POU5F1 (Oct-4), a key pluripotent marker, is
expressed in ICM and TE in porcine blastocysts; the expression is
not limited to the ICM as in mouse blastocysts (Kirchhof et al.,
2000). Considering the difference, our results make more sense
since TET1 is required to maintain pluripotency related genes in ES
cells (Ito et al., 2010) thus expression of TET1 is expected to be
colocalized with Oct-4/POU5F1.
TET1 mRNA was more abundant in in vivo derived blastocysts
compared to in vitro derived blastocysts. In vitro derived embryos
possess lower developmental potential and there are numerous
reports on aberrant patterns of methylation in in vitro derived
embryos (Deshmukh et al., 2011; Zeng and Schultz, 2005). Similarly,
in vitro derived porcine embryos are less viable, and in vivo and
in vitro embryos have different patterns of methylation; in vitro
derived blastocysts often lack distinctive difference in methylation
between ICM vs. TE (Deshmukh et al., 2011). In addition, our previous
deep sequencing data (Fig. S2B) and another report (Magnani and
Cabot, 2008) suggest that in vitro derived blastocysts have lower
transcript level of pluripotency related genes. Abnormal expression
of TET1 can indicate that in vitro derived blastocysts may have altered
expression of pluripotent related genes as TET1 is responsible for the
expression of pluripotent related genes (Freudenberg et al., 2012; Ito
et al., 2010).
SCNT embryos show similar dynamics of TET expression during
embryo development. However, when the levels of the TET family
were compared between IVF and SCNT, a signiﬁcant difference was
found at the 4-cell stage, a time of ZGA. SCNT embryos are known
to show abnormal gene expression and level of methylation
compared to IVF (Peat and Reik, 2012). In addition, when SCNT
embryos are generated using GFP expressing donor cells, mosaic
expression of GFP is sometimes reported at the 4-cell stage (Park
et al., 2002). Also, an abnormal level of methylation was observed
at 4-cell stage of porcine SCNT embryos (Kwon et al., 2008). These
results indicate that various factors are misregulated in SCNT
embryos at the time of ZGA. The abundance of the TET family in
donor cells was lower compared to any embryonic stages. This was
expected since donor cells, fully differentiated ﬁbroblast cells, are
stable in terms of their epigenetic status. A higher level of TET1 in
donor cells compared to the levels of TET2 and TET3 indicates that
TET1 is important for maintaining the basic level of methylation in
the donor cells.
The level of 5hmec was low during oocyte development and
high in the zygotes. This is consistent with a previous result where
5hmec is ﬁrst identiﬁed after fertilization (Gu et al., 2011). This also
suggests that 5hmec mainly appears due to DNA demethylation
after fertilization in porcine, as in the mouse. Previous mouse
studies suggest that the 5hmec signal is predominantly present in
the paternal pronucleus (Gu et al., 2011; Wossidlo et al., 2011).
Similarly, the pronucleus derived from androgenesis possess a high
level of 5hmec compared to that of parthenogenesis suggesting that
Fig. 4. Expression of TET3 at 4-cell stage embryos after treatment of α-amanitin or
cycloheximide (CHX). When transcription or translation was blocked using the
inhibitors, the level of TET3 remained high in 4-cell stage embryos when it should
have dropped as in the control. This suggests that an active mechanism is required
for the degradation of TET3 at the 4-cell stage. The difference was more dramatic
when protein synthesis was inhibited using CHX. GAPDHwas used to normalize the
level of TET3. Different letters indicate signiﬁcant difference (po0.05).
Fig. 5. Effect of TET3 knockdown on 5hmec in zygotes. When siRNA against TET3 was introduced into the oocytes, the level of 5hmec was decreased compared to the control
groups. This indicates TET3 is responsible for the appearance of 5hmec in the porcine zygotes. Scare bar¼50 mm.
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5hmec is predominantly associated with the paternal pronucleus as
reported in mice (Inoue and Zhang, 2011). In addition, we could see
the asymmetric distribution of 5hmec in porcine zygotes after
fertilization; i.e. a higher level of 5hmec in paternal DNA. This is
also consistent with previous mouse studies. The signal of 5hmec
was much stronger in late stage zygotes compared to early stage
zygotes, indicating that the 5hmec is accumulated due to the
remodeling of paternal DNA by oocytes. We did not see a higher
intensity of 5hmec in the ICM area compared to the TE. This is
different from mouse where the ICM showed a higher intensity of
5hmec (Ruzov et al., 2011). However, in vitro cultured porcine
blastocysts often present abnormal patterns of methylation
(Deshmukh et al., 2011) thus this needs further veriﬁcation. It is
interesting that the patterns of 5hmec and the porcine TET family in
preimplantation embryos are similar except TET1 is not detected
until the 4-cell stage. Unfortunately we found no antibody which
reacted with porcine TET3, but based on the real-time results, we
believe that TET3 is the main regulator of 5hmec until the 4-cell
stage, then TET1 becomes the main regulator during porcine
embryogenesis. Due to the limited availability, in vitro derived
embryos were used for the study, but this is the ﬁrst report of the
detailed expression of 5hmec in non-rodent species.
When 2-cell embryos were incubated with inhibitors that block
transcription (α-amanitin) or translation (CHX) to block the tran-
scription or translation at 4-cell stage which is known as MZT in
porcine, the transcript level of TET3 remained high after either of the
treatments. This indicates that the MZT is closely related to the
degradation of TET3. The question still remains whether this is due
to general degradation of maternal mRNA or speciﬁc dowregulation
of TET3 targeted by a speciﬁc molecule from ZGA. In mouse
embryos, certain portions of maternal mRNA are degraded at the
time of MZT and the maternal mRNA is regulated by certain
microRNAs (Tang et al., 2007). Also, recently the expression proﬁle
of non-coding RNA during preimplantation embryo has been
reported (Ohnishi et al., 2010; Yang et al., 2012). We can speculate
that the rapid degradation of TET3 is related to expression of certain
microRNA but the involvement of microRNA or non-coding RNA on
maternal mRNA degradation in mammals is still unclear and needs
further research. The level of TET3 remained even higher when
translation in the embryos was blocked. This indicates that a certain
protein may assist the degradation of TET3. Involvement of a certain
RNA binding protein in the degradation of RNA has been shown
before. In fact, degradation of maternal mRNA involves a speciﬁc
RNA binding and destabilizing protein at the time of MZT (Ramos
et al., 2004). Considering these results we suggest that there is
a speciﬁc mechanism which recognizes the TET3 transcript and
destabilizes them.
When the level of TET3 is downregulated at the zygote stage
by siRNA, the signal for 5hmec is diminished in the zygotes.
This indicates, that just like in other species (Wossidlo et al.,
2011), TET3 is responsible for the formation of 5hmec in pronuclei
after fertilization. Based on the results we can also speculate that
DNA demethylation is initiated by TET3 in porcine embryos.
Interestingly, downregulation of TET3 did not affect subsequent
preimplantation embryo development. This shows that TET3 is
mainly required for epigenetic modiﬁcations and not for embryo
development in general. However, downregulation of TET3 at an
early stage resulted in an abnormal expression of NANOG, a
pluripotency related gene, in blastocysts. A previous study using
conditional KO mice showed that the lack of TET3 altered the
methylation level at the promoter region of POU5F1 (Oct-4) and
NANOG (Gu et al., 2011). This resulted in an abnormal expression of
POU5F1 (Oct-4). In our study, there was no difference in expression
of other pluripotency related genes, POU5F1 and SOX2. The mouse
study and our results show that TET3 and 5hmec are important for
the maintenance of NANOG at later stage. This is consistent with
studies in other cell type showing close relationship with the TET
family and NANOG (Costa et al., 2013; Ito et al., 2010).
Fig. 6. Transcript abundance of pluripotency related genes in blastocysts after downregulation of TET3 in zygotes. (A) Level of POU5F1mRNA in blastocysts. Injection of siRNA
against TET3 at the oocyte stage did not result in a difference in the level of POU5F1 at the blastocyst stage. (B) Expression of NANOG in the blastocysts. Expression of NANOG
was signiﬁcantly lower at the blastocyst stage when TET3 was downregulated by siRNA injection in the oocytes. (C) Expression of SOX2. Similar to POU5F1, injection of siRNA
against TET3 had no effect on SOX2 expression at the blastocyst stage. GAPDH was used as a normalizer. Different letters indicate statistically signiﬁcant difference (po0.05).
Table 2
Development of embryos after downregulation of TET3 in the zygotes. No difference was found. Downregulation of TET3 at early stage does not affect
embryo development in general.
Total Blastocyst formation
(% 7SEM)
Total cell number
(mean7SEM)
Control siRNA (n¼4) 268 22.0173.03 41.0772.09 (n¼14)
siRNA against TET3 (n¼4) 251 20.3173.26 41.8872.91 (n¼16)
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Previously, the general idea was that the level of methylation is
regulated by the expression of DNMTs. During embryo develop-
ment, the level of methylation is reduced as DNMT1 is excluded
from nuclei (Branco et al., 2008), and de novo methylation is
initiated by DNMT3A/B by the time of blastocyst formation, which
is responsible for de novo methylation in mammals (Okano et al.,
1999). Now recent studies involving the TET family and 5hmec
show that the dynamics are more complicated than previously
hypothesized. Based on our results, we demonstrate that during
the time of MZT, there is speciﬁc degradation of TET3 and a switch
from TET3 to TET1. Our study also shows that the dynamic
expression proﬁle of the TET family is essential for the appearance
of 5hmec in porcine embryos and required for the expression of
NANOG at later stage. Further studies would clarify the role of the
TET family during preimplantation porcine embryo development.
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